Introduction
Influenza A viruses cause substantial morbidity and mortality worldwide. Vaccination is considered to be the best way to prevent human influenza disease. Current antibody-based vaccines are highly effective in the control of influenza virus infection. These vaccines elicit humoral immunity directed toward viral surface glycoproteins. However, due to antigenic drift, these surface glycoproteins rapidly mutate, and hence the humoral immunity established against one influenza virus strain is unlikely to protect against subsequent infections with distinct influenza strains. Thus, it is necessary to reformulate vaccines annually to match and protect against the circulating seasonal virus. Furthermore, antibody-based vaccines also offer no protection during a pandemic outbreak, where the emergence of novel viruses can have a devastating impact on global health (i.e., 1918-1919 H1N1 pandemic, >40 million deaths; 2013 H7N9 pandemic in China [ref. 1], mortality rate >30%). The induction of virus-specific memory CD8 + T cell immunity is an effective means of inducing long-lived crossprotection against different influenza strains (2-4). As CD8 + T cell immunity is largely directed toward internal viral proteins that are highly conserved across different influenza viruses, these T cells have the potential to protect against a range of influenza virus strains, including those with pandemic potential.
Recent studies have demonstrated that CD8 + T cell immunity modulates the course of influenza infection in humans. Specifically, it was shown that influenza-specific CD8 + T cells generated by seasonal influenza infection can promote influenza virus elimination and host recovery, leading to a milder disease (5, 6) , and that the recovery from severe influenza infection (H7N9 avain strain) is associated with robust recall of preexisting CD8 + T cell memory (7) . Memory CD8 + T cells can be broadly divided into 3 subsets: 2 highly mobile circulating memory CD8 + T cell subsets, termed central and effector memory T cells (Tem cells), and a sessile memory T cell pool that is resident within peripheral tissues. While it was unclear from these clinical studies which memory T cell subset was responsible for the observed protection, growing evidence from animal models shows that not all memory CD8 + T cell subsets are equally protective against influenza virus infection, with only the tissue resident memory (Trm) subset being absolutely indispensable for crossprotection against different strains of influenza virus (8, 9) .
Previous studies have reported that the human lung harbors a large population of memory T cells -a number comparable to the number of T cells present within human blood (10) . Characterization of Trm cells that reside within human lung tissue revealed that these cells constitutively express deployment-ready mRNAs encoding effector molecules, which is reflective of these cells
The human lung harbors a large population of resident memory T cells (Trm cells). These cells are perfectly positioned to mediate rapid protection against respiratory pathogens such as influenza virus, a highly contagious respiratory pathogen that continues to be a major public health burden. Animal models show that influenza-specific lung CD8 + Trm cells are indispensable for crossprotection against pulmonary infection with different influenza virus strains. However, it is not known whether influenza-specific CD8
+ Trm cells present within the human lung have the same critical role in modulating the course of the disease. Here, we showed that human lung contains a population of CD8 + Trm cells that are highly proliferative and have polyfunctional progeny. We observed that different influenza virus-specific CD8 + T cell specificities differentiated into Trm cells with varying efficiencies and that the size of the influenza-specific CD8
+ T cell population persisting in the lung directly correlated with the efficiency of differentiation into Trm cells. To our knowledge, we provide the first ex vivo dissection of paired T cell receptor (TCR) repertoires of human influenza-specific CD8 + Trm cells. Our data reveal diverse TCR profiles within the human lung Trm cells and a high degree of clonal sharing with other CD8 + T cell populations, a feature important for effective T cell function and protection against the generation of viral-escape mutants.
Influenza-specific lung-resident memory T cells are proliferative and polyfunctional and maintain diverse TCR profiles jci. + as Trm populations. In addition to the Trm cell population, the lung tissue also contained a CD103 -CD69 + memory T cell subset and a population of memory T cells that lacked expression of both CD103 and CD69. These memory T cell subsets are likely to be heterogeneous and comprise both circulating and tissue-bound cells (13) .
The proportion of memory CD8 + T cells (CD45RO + CD3 + ) recovered from healthy human lung tissue that were Trm cells (Figure 1 Figure 1D ). While there was no correlation between the proportion of memory CD8 + T cells expressing Trm cell markers in human lung and the age of the donors (n = 10), there was substantial variation between the individuals ( Figure 1E , and this was highly consistent across all donors tested. This expression pattern of CD69 and CD103 on human intrapulmonary memory CD8 + and CD4 + T cells closely resembles that observed on murine lung memory T cell subsets (14) .
While Trm cells made up on average 40% of the intrapulmonary memory CD8 + T cell pool, this subset was undetectable when profiling memory CD8 + T cells in the blood (peripheral blood mononuclear cell [PBMC] samples from healthy nonmatched donors) and represented less than 10% of the total CD8 + memory T cell pool in human lymphoid tissue (spleen from nonmatched donors), indicating an enrichment of these cells within this mucosal tissue ( Figure 1G ). Prior studies have shown that Trm cells in mucosal tissue differed from those recovered from lymphoid compartments (15) . In line with these studies, we found that lung CD8 + Trm cells downregulated CD28 (Figure 1 , H and J), which is indicative of TCR activation, while Trm cells isolated from the human spleen maintained expression of this costimulatory molecule (Figure 1, I Figure 2 , A and B). We observed no correlation between cytokine production and age (Supplemental Figure  1 ; supplemental material available online with this article; https:// doi.org/10.1172/JCI96957DS1).
We next assessed the functionality of the CD8 + Trm cell subset and compared it to that of the other memory CD8 + T cell subsets (CD103 -CD69 + and CD103 -CD69 -) isolated from the same lung tissue ( Figure 2C ). The cytotoxic activity of Trm cells was assessed by measuring CD107a, granzyme B, and perforin probeing poised for rapid responsiveness (11) . Whether the human lung contains influenza-specific CD8 + Trm cells and whether these cells have a role in modulating the course of the disease is currently unknown.
In this study, using lung tissue from individuals who had consented to be organ donors, we analyzed the phenotype, functionality, and clonal composition of influenza virus-specific lung CD8 + Trm cells. We show that healthy human lung tissue contains a population of CD8 + Trm cells that are highly proliferative and whose progeny are polyfunctional. We observe an enrichment of influenza virus-specific CD8 + T cells within the Trm cell compartment and show that different specificities of influenza virusspecific CD8 + T cells differentiated into Trm cells with varying efficiencies. Ex vivo single-cell analysis of T cell receptor αβ (TCRαβ) clonotypes within the influenza virus-specific lung CD8 + Trm cell compartment provides clear evidence for the maintenance of TCRαβ diversity within the long-lived CD8 + Trm cell pool with no indication of clonal skewing or TCR repertoire narrowing.
Results

A population of antigen-experienced CD8
+ T cells expressing Trm cells markers is located in healthy human lung. We profiled intrapulmonary T cells within human lung tissue from organ donors between the ages of 22 and 68. Immunofluorescence analyses of tissue sections cut from human lung samples revealed an abundance of CD3 + T cells, some of which congregated into dense clusters ( Figure 1A ). To gain insight into the frequency of CD8 + T cells that could be resident within the lung tissue, we assessed these cells for the expression of CD69, a negative regulator of sphingosine-1 phosphate receptor 1 (S1P1R), and the integrin CD103, as expression of these markers distinguishes tissue resident memory T cells from circulating memory T cell subsets (12) . The intrapulmonary 
Enrichment of influenza-specific CD8
+ T cells in the lung Trm cell pool. We next assessed the abundance and functionality of influenza-specific memory CD8 + T cells in human lung tissue. The proportion of memory CD8 + T cells capable of responding to influenza virus infection was first measured using a coculture system in which we infected human lung tissue with influenza A virus in the presence of brefeldin A and assessed the cytokine production by memory CD8 + T cell subsets 18 hours later (7). After 18 hours in culture, approximately 7% of the lung cells of varying phenotypes were infected with influenza virus ( Figure 4A ), as assessed by intracellular staining for the viral nuclear protein (NP). The majority (50%) of memory CD8 + T cells synthesizing antiviral cytokines in response to ex vivo influenza virus infection were within the Trm cell subset ( Figure 4 , B and C), highlighting the potent capacity of this memory subset to rapidly generate effector cytokines in response to influenza virus infection within human lung tissue. This is consistent with recent reports that human lung tissue resident memory cells constitutively express deployment-ready mRNAs encoding effector molecules, which is reflective of these cells being poised for rapid responsiveness (11) .
To further characterize the influenza-specific memory CD8 + T cells within human lung, we used a panel of HLApeptide tetrameric complexes and enumerated the influenza virus-specific cells by flow cytometry (5) . Within our cohort, we identified 9 donors with HLA types for which HLA tetramers loaded with influenza A immunodominant epitopes were available. These included donors who were HLA-B57 (n = 3), HLA-A3 (n = 3), and HLA-A2 (n = 4). The proportion of influenzaspecific (tetramer positive) CD8 + T cells in the total memory CD8 + T cell pool across the donors ranged from 0.3% to 8.0%. While we observed no correlation between the size of the influenza-specific memory CD8 + T cell pool and the age of the donors ( Figure 4D ), a comparison of the proportion of influenza virus-specific memory CD8 + T cells across the different HLA types revealed that HLA-B57 individuals had, on average, a higher proportion of influenza-specific cells ( Figure 4E ). As the persistence of memory CD8 + T cells within the lung is associated with the development of Trm cells, we next assessed whether the larger proportion of influenza-specific CD8 + T cells in the HLA-B57 individuals was associated with a higher conversion efficiency of influenza-specific HLA-B57-NP 199 (Figure 2 , D-G), which mirrors the expression pattern of these cytotoxic mediators within human liver CD8 + Trm cells (13) . The CD103 -CD69 -memory CD8 + T cell subset was also more efficient at synthesizing TNF-α and IFN-γ compared with the Trm cell subset ( Figure  2 , H and I), while all memory T cell subsets profiled were comparable in their capacity to generate IL-2 ( Figure 2J ). The memory CD8 + T cell subsets exhibited a similar hierarchy of cytokine production when assessed for either mean fluorescent intensity of cytokine-producing cells or percentage of cytokine-producing cells (Supplemental Figure 2) . The cytokine and phenotypic profile of the memory CD8 + T cell subset for each donor is presented in Supplemental Table 1 . Assessment of the polyfunctionality of these memory CD8 + T cell subsets revealed that the vast majority of memory CD8 + T cells, irrespective of their expression pattern of CD103 and CD69, synthesized only 1 cytokine (Figure 2, K and L) .
Expansion potential and functionality of lung memory CD8 + T cells. Subsets of human memory CD8 + T cells and CD4 + T cells were sort purified from the lung according to CD103 and CD69 expression, labeled with CFSE, and compared for their capacity to proliferate in response to anti-CD3 in the presence of exogenous IL-2. There was no difference in survival of the CD8 + T cell subsets in culture, with all 3 subsets showing equivalent levels of viability following overnight culture ( Figure 3A) . Assessment of cell division revealed that all memory CD8 + T cell subsets were capable of undergoing in vitro expansion with, on average, 60%-70% of cells within each subset undergoing at least 1 division after 10 days of culture ( Figure 3, B and C) . A comparison of the effector function of the divided cells following a brief restimulation revealed that, across all the subsets, 70%-85% of the divided cells could generate IFN-γ and 80%-90% could synthesize TNF-α, reflecting that the progeny of each of the memory CD8 + T cells subsets had supe- (5, 16) . As predicted, CD8 + T cells directed at distinct epitopes displayed different biases in TCR-β variable (TRBV) and TCR-α variable (TRAV) usage as well as different lengths of complementarity-determining region 3α (CDR3α) and CDR3β loops ( Figure 5 ). Prominent TRBV chain usage was TRBV19 (for HLA-A2-M1 58-66 ), TRBV 14 and TRBV5.5 (for HLA-A3-NP 265-273 ), and TRBV24-1 and TRBV19 (for HLA-B57-NP 199-207 ), while the dominant TRAV chain usage was TRAV27 and TRAV25 (for HLA-A2-M1 58-66 ), TRAV14/DV4 and TRAV25 (for HLA-A3-NP 265-273 ), and TRAV41 and TRAV 26-1 (for HLA-B57-NP 199-207 ) ( Table 1) . TCRαβ clonotypes also varied in the predominant length of the CDR3 loops, with CD8 + T cells directed at HLA-A2-M1 58-66 utilizing CDR3β of 8 aa and CDR3α of 9 aa, HLA-A3-NP 265-273 with CDR3β of 9 aa and CDR3α of 9 aa, and HLA-B57-NP 199-207 with CDR3β of 11 aa and CDR3α of 8 aa ( Figure 5A ). The diversity of the TCRαβ repertoire was comparable across 3 epitopes, with 44, 44, and 31 individual clonotypes detected across 96, 80, and 97 sequences for HLA-A2-M1 58-66 , HLA-B57-NP [199] [200] [201] [202] [203] [204] [205] [206] [207] , and HLA-A3-NP 265-273 , respectively (Supplemental Table 2 Figure 5C ), suggesting that the main TCRαβ signatures within Trm cells and CD103 -CD69 + and CD103 -CD69 -populations arose from a common precursor rather than originating from separate lineages. However, despite such a high degree of sharing and the presence of common TCRαβ clonotypes across distinct memory CD8 + T cell populations in human lung, the clonal size of some clonotypes differed across memory subsets (Table 1 and Figure 6 ). This could possibly reflect the timing and/ or strength of the antigenic encounter, which in turn could influence the acquisition of CD69 and CD103 molecules. Clonal diversity within the 3 populations was also comparable as per analysis of Simpson's diversity indexes (P = 0.307; 1-way ANOVA; Figure 
Discussion
Here we analyzed the phenotype, functionality, and clonal composition of influenza virus-specific lung-resident memory CD8 + Trm cells. We show that human lung tissue contains a population of CD8 + Trm cells that are highly proliferative and whose progeny are polyfunctional. We observe an enrichment of influenza virus- immunodominance hierarchy within the Trm cell compartment (19, 21) . The varying efficiencies with which CD8 + T cells specific for the viral NP and M1 differentiated into Trm cells (80% and 25%, respectively) could be driven by differences in the abundance of the viral M1 and NP epitopes within the lung tissue during influenza virus infection.
As local cognate antigen recognition within the tissue is a major factor shaping the size and repertoire of the Trm cell pool, it is plausible that the HLA type of individuals could affect their capacity to develop Trm cells. The high proportion of influenzaspecific Trm cells in HLA-B57 individuals could reflect a difference among HLA-A-and HLA-B-restricted epitopes in developing into Trm cells or could possibly reflect an enhanced capacity of HLA-B57 individuals to form Trm cells. It is noteworthy that the HLA-B57 allele is highly associated with drug-induced inflammatory disease of the skin and with the development of psoriasis; both of these conditions have been recently linked to skin-resident memory T cells (22) (23) (24) . Further studies and a larger cohort of clinical samples are required before such an association between HLA type and Trm cell development can be made.
It is well established that TCRαβ repertoire diversity within antigen-specific T cells has major consequences for subsequent immune responses in both animal models and human disease. A diverse TCRαβ repertoire provides a greater range of TCR clonotypes with scope for the preferential selection of high-avidity TCRs into the immune response (25, 26) . This is a particular advantage for viral control, as diverse TCR repertoires with high pMHC avidity TCR clonotypes are potentially capable of recognizing newly emerging viral escape variants (27, 28) . Thus, preservation of TCRαβ clonal diversity within influenza-specific Trm cells in human lungs has important implications for effective control of viral infections, including influenza viruses.
Furthermore, such a high degree of clonal sharing, especially among the prevalent clones, between Trm cells and CD103 -
CD69
+ and CD103 -CD69 -populations suggests common clonal precursors across all 3 lung memory populations. Our previous studies showed a higher degree of TCR diversity within the central memory (Tcm) versus Tem populations and suggested that Tem are derived from Tcm populations, with Tcm subsets maintaining clonal diversity (29) . Here, we provide the first evidence, to our knowledge, for the paired TCRαβ clonal selection within human tissue Trm cell pools across 3 different influenza-specific CD8 + T cell specificities, HLA-A2-M1 58-66 , HLA-A3-NP 265-273 , and HLA-B57-NP 199-207 . Our study clearly shows that the human lung Trm cell population retains its clonal diversity for subsequent influenza encounters rather than being skewed toward a limited number of selected TCRαβ clones. A recent study (30) provided a dissection of a single TCR chain (TCRβ) within antigenspecific Trm cells in the skin by deep sequencing and found that, for every abundant Trm cell clone generated in the skin, an abundant Tcm cell clone bearing the identical TCR was present in the lymph node, which is indicative of antigen-reactive skin Trm and Tcm cell clones being derived from a common naive T cell precursor. As matched blood samples from our lung donors were unavailable, we could not compare the clonal composition and diversity of lung Trm cell populations to Tcm or Tem sets from peripheral blood. The assessment of the effector function of the progeny of Trm cells has been difficult to measure using mouse models. This is because murine Trm cells are difficult to expand ex vivo and are highly susceptible to apoptosis following tissue dissociation (17) . This has recently been attributed to these cells expressing elevated levels of ARTC2, a cell-surface ADP-ribosyltransferase that mediates NAD + -induced cell death (NICD) through the ribosylation of the ion channel P2X7 (18) . Here, we show that Trm cells isolated from human lung tissue can survive in culture and can undergo robust ex vivo proliferation. Furthermore, the daughter cells of this subset have enhanced effector function compared with the parent cell population. This work highlights that Trm cells are not only capable of immediate effector function, but in addition, can proliferate in response to restimulation, producing polyfunctional secondary effector cells, thereby fueling a sustained local immune response.
Using an influenza virus mouse model, we have recently shown that different specificities of influenza-specific CD8 + T cells were recruited into the lung Trm cell pool with varying efficiencies (19) . As Trm cell development within the lung is heavily influenced by local antigen recognition (9, 20) , the relative epitope abundance within the lung over the course of an influenza virus infection likely modulates the immunodominance hierarchy within the Trm cell compartment, the relative epitope abundance within the lung over the course of an influenza virus infection likely modulates the Processing of peripheral blood and human tissues. PBMCs were isolated by Ficoll-Paque density-gradient centrifugation and cryopreserved. Mononuclear cells were isolated and cryopreserved from spleen and lungs by mechanical dissociation, followed by enzymatic digestion with 3 mg/ml of type III collagenase (Worthington Biochemical Corp.) and 100 mg/ml DNAse (Roche) in RPMI for 1 hour at 37 o C. Cells were forced through a 100-μm strainer, and red blood cells were lysed prior to cryopreservation.
Ex vivo T cell proliferation. Lung CD8 + T cells were sort purified, labeled with CFSE, and cultured for 10 days with soluble anti-CD3 and 10 U/ml IL-2. In some experiments, cells were restimulated on day 10 after culture with PMA/ION for 5 hours in the presence of brefeldin A (BD GolgiPlug).
As exemplified by our previous studies, our single-cell ex vivo TCR analyses are sensitive to detecting TCR skewing within epitope-specific CD8 + T cell subsets in mice and humans. In mice, skewed and restricted TCR usage was previously found within Tem subsets across 2 distinct influenza-specific CD8 + T cell populations (31) . Similarly, we found a selection of specific TCRs in highavidity subsets within influenza-specific CD8 + T cell responses (32, 33) . In humans, we have detected TCR skewing in the context of solid organ transplant recipients during acute EBV and CMV reactivation events (34) .
Overall, our direct ex vivo assessment of paired TCRαβ repertoires revealed a high degree of clonal sharing across influenzaspecific Trm cells and CD103 -CD69 + and CD103 -CD69 -memory populations, all retaining diverse TCRαβ profiles. This has important implications for effective CD8 + T cell function and protection against the generation of viral escape mutants.
In summary, we show that human lung tissue harbors a large population of CD8 + Trm cells that are highly proliferative, polyfunctional, and composed of a diverse TCRαβ repertoire. We show a direct correlation between the size of the influenzaspecific CD8
+ T cell population persisting within the lung and the efficiency in which these cells differentiate into Trm cells. Hence, greater understanding of the drivers of lung Trm cell development will permit optimization of their lodgement and, in turn, result in enhanced retention of memory T cells within this mucosal tissue, an essential condition for safeguarding this site from respiratory pathogens. human lung samples were thawed and infected at an MOI of 10 with influenza A (A/Puerto Rico/8 H1N1) for 1 hour at 37°C. Cells were washed and incubated at 37°C for 3 hours in RPMI with 10% fetal calf serum, at which point brefeldin A (BD GolgiPlug) was added and cells were incubated for a further 18 hours. Cells were intracellularly stained for cytokine production and virus NP. Flow cytometry. Cells were stained for 1 hour on ice with the appropriate mixture of mAbs and washed with PBS with 2% BSA. The following conjugated mAbs were obtained from BD Biosciences Pharmingen Ex vivo T cell stimulation assay. Lung samples were thawed and stimulated with PMA/ION for 5 hours in the presence of brefeldin A (BD GolgiPlug and or GolgiSTOP). Cells were intracellularly stained for cytokine production using the BD Cytofix/Cytoperm kit following the manufacturer's instructions. For the measurement of CD107a, the anti-CD107a antibody was added to the samples for the duration of the stimulation.
Ex vivo virus stimulation assay. Stimulation with live virus was performed as described (7) . Briefly, 1.5 × 10 6 mononuclear cells from -(right) for donor C (top), donor D (middle), and donor B (bottom). Frequency of each unique clone is represented by the width of the band. In each donor band, colors across the 3 populations represent the same clone. Circos plots were generated with the Circos software package (38) .
